Due to global concern about climate change, efforts in the steel industry to decrease emissions must be introduced, as this industrial sector gives rise to 5-7% of the anthropogenic CO 2 emissions. There are several possibilities to achieve this goal: Making the processes more energy efficient, changing to renewable energy sources, by introducing process modifications or completely new processes, etc. In this paper the concept of oxygen blast furnace, where pure oxygen is used as blast combined with recycling of CO 2 -stripped top gas, is studied numerically. In the analysis, special attention is paid to the amount of recycled top gas and how the gas should be divided between injection to the lower (hearth) and upper (shaft) tuyeres. The results shed light on the feasible operation window, under the given process constraints, for the oxygen blast furnace and also how different combinations of hearth and shaft gas injections are reflected in coke rate, oxygen rate and top gas composition, as well as in the emissions. The issue whether the recycled top gas must be heated in regenerative heat exchanges is also addressed by considering the alternative where the recycled gas to the lower tuyeres is injected cold, while the shaft gas is elevated to the reserve zone temperature by partial combustion. The findings of the study are expected to be useful for assessing the feasibility of operating the blast furnace under high top gas recycling rates.
Introduction
Global warming due to the rising CO 2 levels in the atmosphere is seen as one of the biggest threats for mankind in the future. The steel industry contributes by 5-7% of the anthropogenic CO 2 emissions in the world and is therefore searching new ways to decrease the emissions considerably. The oxygen blast furnace (OBF) is considered one of the most promising concepts for this difficult task. 1) In the OBF oxygen is used instead of air as blast, and the top gas is recycled, after CO 2 removal, either to the lower tuyeres or to tuyeres in the shaft, or to both. If the removed CO 2 is not released to the atmosphere, this concept can significantly reduce the emissions. In 1984 Lu and Kumar 2) studied the feasibility of the nitrogen-free blast furnace, with top gas recycling to tuyeres, natural gas injection and plasma torch. The calculation predicted a 1/3 increase in the production rate and savings of 100-200 kg/t hm of coke. Qin and Yang 3) studied a top gas recycling concept with massive coal injection. Calculations were made both with high oxygen enrichment of the blast and pure oxygen. The recycled top gas was injected to the shaft after CO 2 and H 2 O removal. The calculations estimated a 380 kg/t hm fuel rate, when pure oxygen and 240 kg/t hm coal is used; this corresponds to a 120 kg/t hm decrease in fuel rate compared to a conventional BF operation with only coke (500 kg/t hm ). Ohno et al. 4) used mathematical models and operation tests to study a concept where cold oxygen with pulverized coal was injected through tuyeres and hot preheating gas to the shaft. It should be noted that no hot stoves were needed in this concept.
Top gas recycling blast furnace trials have been made already in the 1980's in Russia, 5) where the recycled top gas was injected back to the blast furnace through tuyeres after CO 2 removal and reheating. Results showed a decrease of 28-30% in the carbon input as 1 100 Nm 3 /t hm hot reducing gas was injected together with 250 Nm 3 /t hm oxygen blast (87% O 2 ). Trials were also made more recently as part of the ULCOS research program. 1, 6) In these trials three different versions (V1, V3 and V4) of top gas recycling were tested in practice, where CO 2 removal of the recycled gas was the first step in all version and pure cold oxygen was injected through the hearth tuyeres: Preheated recycled top gas injected through the conventional hearth tuyeres (V3), preheated recycled gas injected through both shaft and hearth tuyeres (V4), and preheated recycled gas injected through shaft tuyeres and cold recycled gas through hearth tuyeres. All the tested cases showed savings in the coke and coal input and the best results were obtained with V3 and V4.
Mathematical models and simulations of top gas recycling blast furnace have been reported by many authors. Austin et al. 7) estimated a 20% decrease in the fuel rate compared to normal blast furnace operation when hot reducing gas was injected. Murai et al. 8) studied shaft gas injection and reported a decrease in the reduction agent rate (RAR) of 34%, when simultaneously 250 kg/t hm of PCI was replaced with 100 kg/t hm waste plastics. Nogami et al. 9) compared standard blast furnace operation with coal injection (205 kg/t hm ) against standard operation with plastics injection and top gas recycling with plastics injection. In the studied case 37% of the top gas was recycled and injected cold together with cold oxygen. This lead to a 5% increase in the RAR. Recently, Sahu et al. 10) studied the integration of top gas recycling blast furnace to an integrated steel plant. Cases were studied with blast oxygen content ranging up to 100%. For full oxygen blast, 86% top gas recycle and 200 kg/t hm pulverized coal injection the coke rate was calculated to decrease to 235 kg/t hm .
In most investigations reported in the literature, only a few points of operation have been studied, but the ground why these specific points were selected has not been reported. Even for conventional blast furnace operation, very few papers have treated the feasible region of operation and how the constraints affect the admissible states of the furnace. [11] [12] [13] This is a motivation for the work reported in the present paper. The next section describes the problem formulation, followed by Section 3 which presents some results on the feasible operation window of the oxygen blast furnace with top gas recycling for two different concepts of gas recycling. The last and fourth section presents some conclusions.
Problem Formulation
The core of the studied system is a mathematical model of the blast furnace 13) based on the treatment by Rist and co-workers. 14) In addition to a raceway model, it is based on the division of the process into two control volumes, an upper preparation zone and a lower elaboration zone, separated by reserve zone where the temperatures of solids and gas are known and the gas composition can be calculated. The base model of the furnace, which has been extended to consider top gas recycling after CO 2 stripping, is described in detail by Helle et al., 15) and also in Refs. 16), 17) where the recycled amount of top gas was optimized with respect to economic and environmental criteria. For the case of simplicity, the stripping unit is considered to remove 95% of the CO 2 while the remaining gas components were taken to pass unaffected through the unit. To be able to also study shaft injection of the recycled top gas, the model was modified to allow for injecting recycled gas into the reserve zone at the reserve zone temperature. The solution procedure described by Helle et al. 15) was modified by calculating a new gas composition in the reserve zone after the shaft injection, i.e., a new composition of the gas entering the preparation zone. This composition is related to the equilibrium composition by an approach, called the shaft efficiency parameter. In the base case the shaft efficiency was taken to be SE = 90%, and the reserve zone was characterized by a temperature of 920°C. Since the arising nonlinear equations of the model are solved for iteratively, the introduction of shaft injection into the model constituted no major complication for the solution procedure. The Appendix provides a brief presentation of the model. Figure 1 depicts the cases studied in the work. In Case 1 the recycled and CO 2 -stripped top gas is heated in the hot stoves to the blast temperature and injected to the upper and/ or lower tuyeres. The gas injected in the shaft is cooled to the reserve zone temperature by mixing it with cold recycled gas. In Case 2 the recycled top gas in injected cold in the lower tuyeres and the share that is injected into the shaft is partially combusted to reach the reserve zone temperature. This solution is interesting as it needs no preheating of the gas but only a chamber for partial combustion.
The system was solved by discretizing the amount of recycled top gas and the share of it that goes into shaft injection. For each point the resulting equation system was solved numerically in Matlab by minimizing the coke rate. Thus, the results represent optimal solutions in terms of external reductants, as the injection of pulverized coal was fixed. The blast furnace was operated at a constant production rate 170 t hm /h with 100% pellet burden and some limestone and/or quartzite to adjust the slag rate to be at least 150 kg/t hm and the basicity to ensure sufficient sulfur removal from the hot metal. Pulverized coal injection was kept fixed at 150 kg/t hm , and N 2 was used as carrier gas. The recycled top gas was heated to 1 200°C with primarily the blast furnace top gas and if there is not enough top gas available, then adding a sufficient amount of coke oven gas. The reserve zone temperature was assumed to be 920°C.
Results

Illustrations
The results of the study are next depicted in figures, with twelve subpanels showing the flame temperature, top gas temperature, coke rate, specific oxygen consumption, specific export gas energy, bosh gas volume, solid residence time, share of recycled top gas (β), the change in the specific CO 2 emissions (with respect to the reference state) and the composition of the dry top gas (CO, CO 2 and H 2 ) as functions of the specific volume flow rate of injected recycled gas (  V rg ) and the share of recycled gas injected in the shaft (γ). Observe that β defines the share of top gas recycled,  V rg is the recycled gas after CO 2 stripping and γ defines the share of this gas that is injected into the shaft. To exemplify, if the furnace produces 1 200 Nm 3 /t hm top gas and β = 0.8, /t hm ) goes to the hearth tuyeres. Also note that the export gas energy can be positive (if there is an excess of top gas) or negative (if the top gas is insufficient and also coke oven gas is needed for the heating in the stoves). The change in the specific emissions of the blast furnace from the reference state (normal operation at a PCI rate of 150 kg/t hm ) were estimated based on fixed emission factors for coke and oil, where the latter fuel was selected to compensate for the decrease in the energy of the export gas used in the downstream processes. It should be noted that the reduction in the CO 2 emissions caused by a storage of the separated CO 2 is not considered in the reported value; this will, however, be treated in subsection 3.3.
These twelve variables are depicted by contours in the subfigures. The shaded area in the figures depicts the operation window that does not violate the constraints imposed, i.e., it shows the feasible operation region. In all cases the constrains were the same: Flame temperature: [ /h. A low value of the lower limit of the flame temperature was selected on the basis of experiences reported at blast furnace injecting gases with high hydrogen content, e.g., coke oven gas. 18) However, it should be noted that the selected limits are indicative only, and that the operation window may be redefined according to other values as the figures hold contours for the variables studied. For easier reference to the corners of the feasible region in the results to be presented, Fig.  2 introduces a notation with the symbols *, □, ◊, ○ for the corner coordinates moving clock-wise through them. Finally, a noteworthy matter in analyzing the results is that the states of the operation window may change even though the location of the feasible region seems unaffected, because the twelve variables depicted by contours show changes.
Case 1
This subsection presents results for Case 1, i.e., where the recycled gas is heated in the stoves. Figure 3 illustrates the results for a base example for Case 1, where the "blast" temperature, i.e., the temperature of the hot reducing gas, is 1 200°C, while the shaft gas temperature is lowered to 920°C using bypassing (cf. Fig.  1 ). It can be seen that the limits of the operation window are set by the flame temperature and the top gas temperature constraints. The allowable specific top gas recycling rate is approximately in the range 600-800 Nm 3 /t hm (between ○ and □), the share of shaft gas varies between 0% and 48% (between points * and ◊), and the extreme values coincide with the extreme values of the specific recycled gas rate. The coke rate is low and varies in the range 230-280 kg/t hm , where the lowest value (at point *) is obtained for recycled gas injection (620 Nm 3 /t hm ) through the lower tuyeres only. In this point, the flame temperature and the top gas temperature are at their lower bounds. Interestingly, following the lower bound of the flame temperature from point * to point □, practically the same coke rate can be obtained when the share of shaft gas injection is increased simultaneously with an increase in the rate of recycled gas. Further scrutiny of the conditions along this line reveals that the shaft gas increases as much as the total recycled gas, so the rate of gas injected into the lower tuyeres is constant, which explains why the flame temperature remains constant. It should be noted that the maximum coke saving with this concept is about 100 kg/t hm , since the coke rate for the reference furnace without top gas recycling is 333 kg/t hm (at a pulverized coal rate of 150 kg/t hm ). This coke saving compares favorably with the values 70-90 kg/t hm at a gas injection rate of of 600-800 Nm 3 /t hm reported by Hirsch et al. in the ULCOS project. 19) The specific oxygen consumption varies in the range 212-242 Nm 3 /t hm , where the highest rates, quite naturally, correspond to the highest rates of injected gas. However, the highest share of top gas recycling, β > 0.9, is encountered at the point □, where the flame temperature is at its minimum and the top gas temperature at its maximum. At this point, the top gas N 2 content (not shown) is maximum in order for the small volume of purge gas to carry out the entering nitrogen. As for the gas components, the contours of CO and H 2 are quite nonlinear, but the composition in the operation window varies astonishingly little: The values are CO≈47-50%, CO 2 ≈35-38% and H 2 ≈9.5-10.5%. It is worth noting that this top gas composition corresponds well with the composition reported by Sahu et al., 10) who used similar input conditions for the oxygen blast furnace in their numerical study. The subfigure depicting the export gas energy shows that there is a region where the blast furnace top gas is not sufficient to heat the recycled top gas, and some coke oven gas (COG) is needed. This region (close to point □) naturally corresponds to the highest values of β. As for the change in the specific emissions, the best point (*) is seen to lead to a decrease of about 100 kg/t hm of CO 2 (without CO 2 storage) while the worst point (◊) yields a 50 kg/t hm increase.
Base Example, Blast Temperature 1 200°C
As a final observation, we may note that with the given constraints it is almost impossible to operate the blast furnace with gas injection through the lower tuyeres, as the point * lies practically on the y axis (γ = 0%). Likewise, as the state approaches point ◊ (where γ ≈48%) only a small window exists for the operation. By contrast, at a share of γ ≈20-25% of shaft gas injection, the process shows the largest spectrum of feasible states. Therefore, it is expected that operation with some shaft gas but with a low flame temperature and intermediate top gas temperature would be a practical and less sensitive, but still an efficient, state of operation. If the coke rate is minimized, the operation window shrinks and the flame temperature decreases.
In order to illustrate the state of operation at the extreme points of the operation window, some central variables at the edges of the feasible region (cf. Fig. 2 ) have been depicted in Fig. 4 , which shows specific flow rates, compositions and temperatures. The subfigures have been arranged so they spatially correspond to the layout of the extreme points in Fig. 2 . For the state at the upper top vertex of the operation region (top left panel in Fig. 4 ) the top gas is insufficient ( − 0.3 GJ/t hm ) for the blast furnace, so COG is needed to heat the stoves. It may also be noted that the flows and compositions correspond quite well with those reported in Fig. 2 of the paper by Sahu et al., 10) where the main differences arise because of a higher rate of pulverized coal (200 kg/t hm ) and blast moisture in the latter authors' Fig. 4 . Operational state for the four corners of the operation window depicted in Fig. 2 . The placing of the subpanels corresponds to the layout of the vertices of the operation window in Fig. 2. example; this elevates the hydrogen levels in the gas flows.
Blast Temperature 920°C
A simplified scheme is a one where no bypassing of the recycled gas is applied, and the gas is injected at the same temperature in the upper and lower tuyeres. Figure  5 illustrates the operation window for the case where the blast temperature is lowered to 920°C, which influences the operation window by moving it right and downwards, i.e., towards higher shaft injection shares and also slightly lower amounts of recycled gas. It is no longer possible to operate the furnace with injection through the lower tuyeres only, as this would result in a too low flame temperature and/or too low top gas temperature. The clearly higher coke rate can also be seen together with the increased oxygen demand. The increase in the specific coke rate is 20-30 kg/t hm , which corresponds quite well to the changes a corresponding lowering of the blast temperature would bring about in conventional blast furnace operation. The maximum share of top gas recycling is now β≈0.87, while the gas composition does not change substantially from that of the first example. In all points of the feasible region, the top gas is sufficient for heating the recycled blast. For the emissions, the points in the feasible region with a shaft gas injection of less than 30% are seen to lead to lower CO 2 emissions than in the reference case.
PCI Rate 70 kg/t hm
The influence on the operation window and the conditions of a lower pulverized coal rate is illustrated in Fig. 6 , where the results for the case with a blast temperature of 1 200°C but a PCI rate of 70 kg/t hm are depicted. Compared to Fig.  3 , the operation window is seen to be smaller, and the maximum share of shaft gas injected decreases below 40%: A 30-35 kg/t hm higher coke rate, as well as about 150 Nm 3 /t hm more recycled gas are seen to be required to compensate for the lower carbon and energy input with the pulverized coal. If the replacement ratio of pulverized coal versus coke is about 0.9, this gives for the recycled gas a coke replacement ratio of 0.25 kg/Nm 3 . This value compares favorably with the (marginal) replacement ratio of 0.24 kg/Nm 3 (of CO + H 2 ) reported by Hirsch et al. 19) The flame temperature is also affected: a higher amount of top gas has to be recycled to keep the same flame temperatures as in the first example (Fig. 3) ; this is natural as the injection of auxiliary reductants lowers the flame temperature. As more than 90% of the top gas is recycled, the top gas nitrogen content is higher (in some parts of the feasible region above 10%) and the windows of all gas components are clearly smaller. In almost all feasible points (except point ○) COG is needed for heating the recycled gas. Compared to the reference furnace, the specific emissions increase by 100-250 kg/t hm , which is quite natural due to the lower PCI rate.
Reserve Zone Temperature and Shaft Efficiency
Some parameters of the model used to describe the operation of the blast furnace are user-specified, as theory does not provide direct guidelines on how the values should be selected. Two such parameters, which have been used when the model was adapted to mimic the true operation of the reference blast furnace, are the temperature of the thermal reserve zone and the shaft efficiency. For the former, results from simulation models and measurements by descending or fixed vertical probes (see, e.g., Taguchi et al. 20) ) suggest values in the range 900-1 000°C. For the shaft efficiency, which is a parameter representing the approach to chemical equilibrium of the wustite-iron reaction by CO and H 2 in the reserve zone, the experience of the present authors and findings reported in the literature 21) suggest values in the range 85-95% for modern blast furnace operated with good raw materials.
In Fig. 7 the effect of a decrease in the reserve zone temperature from 920°C to 820°C is depicted. Compared to Fig. 3 , the change is seen to lower the required coke rate by about 10 kg/t hm and it moves the operation window slightly to the right (towards higher shaft injection shares). It also lowers the top gas temperature, so somewhat higher amount of recycled top gas is needed to stay at or above the lower temperature boundary. In all, the effect on the other variables must be considered minor, so the reserve zone temperature can merely be considered a tuning parameter in the model. It should be noted that a change in the reserve zone temperature should be combined with a change in the shaft efficiency to yield a similar performance as the original model for the operation of the reference furnace. Figure 8 shows how a decrease in the shaft efficiency from 90% to 85% influences the process: Slightly more coke and oxygen is required and a lower share of recycled gas is injected into the shaft to keep the BF operation within the feasible region. The top gas CO 2 content is seen to be about 1 percentage point lower than in Fig. 3 , while the CO content is about 2 percentage points higher, illustrating the mirror relation of the two variables when the furnace efficiency changes. The fact that the former variable changes less is due to the CO 2 removal of the recycled gas, which introduces nonlinearities into the system.
In conclusion, relatively small changes in the model parameters do not fundamentally affect the findings concerning the operation window of the process. Therefore, the results do not critically depend on the specific values chosen in the present study but are of more general nature. 
Case 2
This subsection presents results for Case 2, i.e., where the recycled gas is not heated in the stoves. Instead, it is injected cold in the lower tuyeres while its temperature is elevated to that of the reserve zone (920°C) by partial combustion before it is injected in the shaft (cf. Fig. 1 ). Figure 9 depicts the results for the case with pulverized coal injection of 150 kg/t hm . The general appearance of the operation window is similar to that of Fig. 3 in that the upper and lower boundaries are defined by the top gas temperature and the left and right boundaries by the flame temperature. However, the window is considerably smaller and shifted towards higher shaft injection rates: It is no longer possible to only inject the cold gas in the lower tuyeres. This is partly due to the high PCI rate, which results in a low flame temperature. The coke rate is now considerably (40-80 kg/t hm ) higher than in Fig. 3 . Like for the other cases studied, with increased injection into the shaft the coke rate and the oxygen demand increase, simultaneously raising the flame temperature. Still, the operation point can be selected on the basis of the desired flame and top gas temperatures. It should be noted that the oxygen demand for Case 2 includes both the oxygen injected in the lower tuyeres and the oxygen used for partial combustion of the recycled gas before injection into the shaft. Since there are no hot stoves that would consume part of the available export gas, the energy available for downstream processes is increased significantly (to the range 2.5-3.5 GJ/t hm ) compared to the conditions for Case 1. Despite this, the CO 2 emissions are higher than in the reference case in the whole feasible operation region (except in point *).
CO 2 Emissions
The results reported show a clear decrease in the coke rate in all the different OBF scenarios studied for Case 1. However, due to the top gas recycling, less BF top gas (and sometimes also COG) is available for the downstream processes in the integrated steel plant. Naturally, the true potential in decreasing the emissions arises from the CO 2 stripping from the top gas: If the stripped CO 2 can be stored in a sustainable way, then the emissions can be decreased significantly. Figure 10 depicts the difference in CO 2 emissions compared to the reference furnace for four of the simulated cases, i.e., those presented in Figs. 3, 4, 5 and 9, depicting the conditions in the vertices of the feasible region. For the sake of simplicity, the CO 2 storage was assumed to come at no extra emissions. In the comparison it is assumed that the other unit processes of the steel plant produce and use the same amount of gases and energy as in the reference case, so the only difference is in the BF, hot stoves and coke plant. From Fig. 10 it can be seen that if the removed CO 2 is not stored (upper set of points) the emissions decrease in three vertices of Fig. 3 (NR = 1) while they are distributed around the emissions of the reference state if the gas injection temperature is lowered to 920°C (NR = 2, cf. Fig. 4 ). For the two remaining case (NR = 3,4), operation in the feasible region increases the emissions with only one exception (point * in Fig. 9 ).
Comparing the changes in emission without or with storage of the stripped CO 2 at the selected points of operation reveals other interesting findings. Overall, the emissions are lowered by 700-900 kg/t hm , but the order of the symbols are seen to change: This is due to the influence of the different top gas recycling degrees (β) applied in the vertices, which results in different stripped amounts of CO 2 . Thus, the upper vertices (points □ and ◊) are seen to experience the largest reduction in emissions.
Conclusions
The operation conditions of the oxygen blast furnace with recycling of CO 2 -stripped top gas has been studied numerically, focusing on the amount of recycled top gas and the share of it that can be injected into the shaft. Some light has been shed to the behavior of this complex system by depicting the feasible region of operation of the furnace under some operation constraint, studying alternative ways of injecting the recycled gas (cold or heated). Also a case without the need for regenerative heat exchangers (hot stoves) has been studied, demonstrating the feasibility of operating the system with cold recycled gas. However, the simultaneous large increase in the coke rate (40-80 kg/t hm ) probably makes this alternative economically infeasible despite an increased volume of export gas. The operation window has been found relatively small, which may be a challenge for the practical operation, particularly if the coke rate is minimized. A simplified study of the change in the emissions in the steel plant along with operating the oxygen blast furnace in different states was also made, showing that some of the alternatives did not reduce the CO 2 emissions compared to a reference state of the furnace under normal operation. However, if the stripped CO 2 can be stored, all alternatives within the feasible regions yielded reduced emissions.
In assessing the alternatives, the overall process economics should be considered, like done in Ref. 15 ) for the oxygen blast furnace with preheating and hearth tuyere injection of the recycled top gas, since recycling significant shares of the blast furnace top gas implies that less gas is available for other purposes in the plant. On the other hand, also the coke rate is lower than with the normal blast furnace operation, especially for the cases where the recycled gas is heated prior to injection, and the heating value of the export gas is improved due to high share of CO and much lower share of nitrogen than in normal BF operation. The CO 2 removal makes it possible to considerably reduce the emissions to the environment from the process, which also affects the economy of the OBF operation through lower emission penalties. 
